The authors have examined the influence of biocomponents of different origin on exhaust gases emitted from a light duty vehicle with a compression ignition engine. The car was fuelled with diesel fuel containing 20% V/V fatty acid methyl esters and diesel fuel with 13% V/V hydrotreated vegetable oils and 7% V/V fatty acid methyl esters. Commercial diesel fuel containing 7% V/V esters was a reference. The tests were performed on the chassis dynamometer in static engine operating conditions. It was stated that the addition of mentioned biocomponents into diesel fuel slightly changed the concentration of regulated components in exhaust gases with/without after-treatment devices. The presence of bio-components has reduced nitrogen oxide concentration in the treated exhaust gases as compared to the commercial diesel. We observed no trends of changes in unburned hydrocarbon concentrations depending on the type of tested fuels and presence of the diesel particle filter. Unburned hydrocarbons consisted mainly of fractions containing up to five carbon atoms per molecule. Whatever the type of fuel examined, carbonyl compounds such as formaldehyde and acetaldehyde were found only in the untreated exhaust gases.
introduction
Transportation is a major source of atmospheric pollutants [1] . Some substances emitted from vehicle exhausts constitute environmental and health hazards. We could decrease pollutant emissions by using biofuels, which also offer greenhouse gas emission reductions by analysing them on a full lifecycle basis. Biofuels are produced from renewable feedstocks, therefore their use as an energy source for transportation can be considered a good way to reduce dependence on fossil fuels.
The use of biofuels containing biocomponents such as fatty acid methyl esters (FAME) or hydrotreated vegetable oils (HVO) has an effect on engine performance and exhaust gas emissions. Results on emissions for experiments with various biofuels referred to in literature differ with respect to engine design, test methods, and test conditions. A large number of studies were conducted in terms of carbon oxide (CO), nitrogen oxides (NOx), unburned hydrocarbons (HC), particle matters (PM), and carbon dioxide (CO 2 ) emissions -especially for fuels containing FAME, and the results are widely available in many scientific articles. However, determining the emissions of individual hydrocarbons and their derivatives (including carbonyl compounds (CC) (aldehydes and ketones) and polycyclic aromatic hydrocarbons (PAH) in exhaust gases from engines powered by biofuels) is also important, because part of the above-mentioned substances are toxic. Some hydrocarbons are reactive and they contribute to the formation of ground-level ozone [2] . Aldehydes also have a carcinogenic and ozone formation potential [3] .
Labeckas and Slavinskas [4] evaluated the impact of different biofuels based on rapeseed oil on regulated exhaust emissions and smoke opacity of direct injection compression ignition engines operating at different loads and speeds. Qi et al. [5] conducted similar studies for biofuels based on soybean oil. The research stated that the CO emissions were lower, but the NOx emissions were higher in comparison with diesel. Man et al. [6] reached a similar conclusion by examining biodiesel from waste cooking oil, while Utlu and Kocak [7] demonstrated in their studies that frying oil methyl esters as alternative diesel fuel decreased both CO and NOx emissions. The tests performed by Karavalakis et al. [8] on the chassis dynamometer confirmed a tendency for lower CO and HC emissions for biofuels in reference to fossil fuel.
Examinations of the above-mentioned authors as well as Guarieiro et al. [9] and He et al. [10] showed that the use of biofuels with FAME caused the change of carbonyl compound emissions compared with diesel fuel. Formaldehyde, acetaldehyde, acrolein, and acetone were the most significant group of carbonyl compounds in exhaust gases both for biofuels and diesel. Man et al. [6] found a significant increase of carbonyl compound emissions with increasing biodiesel content in the fuel. Guarieiro et al. [9] presented other conclusions: except for acrolein and formaldehyde, all carbonyl compounds showed a clear trend of reduction in the emissions from B2 to B100.
The influence of FAME on emissions trends is difficult to conclude generally due to contradictory reports. This was confirmed by the overviews prepared by Fazal et al. [11] and Pullen and Saeed [12] . Fazal et al., based on scientific articles, assessed the possibility of using FAME to supply vehicles. In terms of emissions, they stated that using biodiesel can reduce HC, CO, and particulate matter (PM) emissions, but NOx emissions may increase. A few other studies have also reported on the decreasing NOx emissions. Pullen and Saeed found that the dominant emissions trends were usually an increase in oxides of nitrogen, and a decrease in carbon monoxide, particulate matters, unburned hydrocarbons, and aromatic compounds. The changes in emissions of carbonyl compounds are less certain. The results also showed that all the emissions were significantly involved with the engine load.
Kuronen et al. [13] utilized HVO and diesel fuel to supply heavy-duty diesel engines as well as buses. They achieved reduction in all regulated emission components. Kim et al. [14] carried the tests out in terms of performance and emission characteristics of light-duty engines powered by diesel fuel blended with HVO, iso-HVO, or FAME. Biofuels resulted in lower amounts of HC and CO in exhaust gases than diesel fuel. They observed that NOx emissions were dependent on engine loads. The amount of emitted NOx was larger at the higher engine load regardless of the type of biofuel and the biocomponent concentrations. The effects of HVO on the regulated and unregulated emissions of heavy-duty engines and a passenger car fleet were examined by Singer et al. [15] . The results showed that the use of HVO caused a reduction of all heavy-duty engine emissions compared with diesel. In comparison with biodiesel, HVO also reduced NOx emissions. These trends were not confirmed in the case of passenger cars.
No S.-Y. [16] reviewed studies on combustion and emission characteristics of compression ignition engines fuelled with neat HVO, blends of HVO with petrodiesel, and HVO with additives. He stated that the use of HVO enables appreciable reductions in NOx, PM, HC, and CO emissions without any changes to engine parameters. Rantanen et al. [17] also investigated exhaust gas emissions for passenger cars fueled by HVO and diesel blends without changing engine parameters. They found that these blends decreased both regulated and unregulated exhaust gas emissions. Decreases in CO, HC, and PM emissions were dependent on the proportion of HVO. Reduced emissions in the case of NOx was not evident.
Millo et al. [18] analyzed the effects of blending of ultra-low-sulfur diesel with rapeseed methyl esters and hydrotreated vegetable oil on the performance and emissions of European passenger car diesel engines featuring advanced combustion technologies and closedloop combustion control. HC and CO emissions were significantly reduced for both tested fuels at low and medium loads. NOx emissions were comparable to those of diesel fuel.
Despite the large number of comparative studies regarding regulated emissions of engines fuelled with FAME or HVO as neat fuel and as well as blends with diesel, there is a gap of studies on the composition of the exhaust gases from light-duty vehicles operating on diesel fuel blended with FAME and HVO. Therefore, the main goal of this study was the detailed chemical characterization of exhaust gases resulting from the combustion of various biofuels (1 st and 2 nd generations) in a car's engine. Both raw exhaust gases leaving the engine and exhaust gases purified by the catalytic converter and DPF were analysed. These tests were conducted to separate the effect of a kind of burned fuel from the influence of the treatment system on the emitted exhaust gases composition. We examined the influence of biofuels containing FAME and HVO on regulated and unregulated exhaust emissions.
The presented results concern exhaust gases emitted from a light-duty car fulfilling the requirements of Euro 5. The tests were performed on the chassis dynamometer in static engine operating conditions (constant vehicle and engine speed). Two exhaust systems were tested: with catalytic reactor and diesel particle filter (DPF) and without these devices.
We analysed the exhaust gases resulting from the combustion of two biofuels. The first was diesel with 20% FAME, the second was diesel fuel with 7% FAME and 13% HVO. The commercial diesel fuel (containing 7% esters) was used as the reference fuel. The concentration of regulated substances such as CO, NOx, HC, and PM were examined. In addition, the contents of hydrocarbons depending on carbon number in the molecule were specified. The quantitative analysis of carbonyl compounds was carried out. Measurements of CO 2 concentrations were also provided. The results of PM emissions and polycyclic aromatic hydrocarbons adsorbed on PM are presented in [19] .
Exhaust gases produced from the combustion of diesel fuel and various biofuels (with and without DPF) were used for in vivo studies, but this article does not include those results.
Materials and Methods

Vehicle and Fuels
We used a Fiat Panda passenger car with a 1.3 JTD engine in the tests. It had a common rail third-generation injection system. The exhaust system of the vehicle was equipped with a catalytic reactor and a diesel particle filter (DPF). The vehicle fully met all Euro 5 standard requirements. The basic car specifications are given in Table 1 .
The Fiat Panda was fuelled by the three following fuels: -Commercial diesel fuel containing 7% FAME compliant with European diesel criteria (EN 590 standard) [20] , hereafter referred to as DF. -A blend of commercial diesel fuel with 13% FAME, hereafter referred to DF+FAME. Table 2 . Properties of tested fuels.
-A blend of commercial diesel fuel with 13% HVO, hereafter referred to DF+HVO. Pure FAME met the European standard requirements (EN 14214) [21] . The properties of HVO were checked in accordance with the requirements of EN 590 standard. The main properties of diesel fuel and biofuels are listed in Table 2 .
Diesel fuel was used as a reference fuel. All the tested fuels met the EN 590 standard requirements.
Experimental Setup
The experiments were performed on a Schenck Komeg EMDY 48 chassis dynamometer at the Automotive Industry Institute's Engine and Chassis Laboratory in static working conditions of the engine. The engine speed was 1,350 rpm. The tests was conducted at 45% load with a vehicle speed of 43.75 km/h and a 50 load with a vehicle speed of 20.00 km/h. These conditions were established to achieve high exhaust gas temperature, which prevented excessive clogging of the DPF. Temperature of the coolant system was 94ºC.
Two exhaust gas systems were tested: with and without after-treatment devices. The investigations without converter and filter involved modification of the Panda's exhaust gas system. That modification consisted of removing the particulate filter and the catalytic reactor and replacing them with pipe sections with respective connections of pressure and exhaust gas temperature sensors. Additionally, the software of electronic unit control of the engine was changed, and sequences responsible for the control of particulate filter were removed.
The harmful substance concentrations in exhaust gases of the car fuelled by two biofuels were measured and the results were compared with pollutant concentrations in gases generated from DF combustion. The analysis covered regulated and unregulated components of exhaust gases. The terms "regulated" and "unregulated" indicate whether the component is subject to legislative limits.
The measurements of exhaust gases were conducted after stabilizing the working conditions of the test car.
Methods of Sampling and Quantitative Analysis of Exhaust Gases
For the determination of the regulated emissions components we used a constant volume sampler (CVS) [22] and a system of integrated MEXA-7200D analyzers from HORIBA. The nitric oxides were determined using a chemiluminescence detector. HC was measured by a g as analyzer equipped with flame ionization detector (FID) and CO with a non-dispersive infrared analyzer.
The tailpipe gases were sampled for individual unburned C1-C12 hydrocarbon analysis using fluoropolymer film bags with polypropylene fitting septa/tube. Exhaust fumes were sucked through the pump at a rate of about 6 L/min. The volume of each bag was approximately 20 L. The sampling set-up also included filters to remove the particulate matters and moisture. To maximize sample integrity, sample bags were hermetic and were not exposed to bright light.
For the purpose of collecting carbonyl compounds, the exhaust gases were passed through an acidified 2,4-dinitrophenylhydrazine (DNPH) coated silica bed at a rate of about 20 L/h. Aldehydes and ketones present in gases were trapped by reacting them with DNPH to stabilize a form of hydrazone derivative with a strong ultraviolet absorption spectrum. The exhaust gases were also passed through a glass microfiber filter to remove particulates. The duration of a single sampling was established at 10 min. The cartridges (6 mm outer diameter x 110 mm length) were packed with two adsorbent beds: 300 mg and 150 mg. The second bed was a backup section to determine if a breakthrough of exhaust gas contaminants occurred on the front portion.
The analytical methods used for the analysis of the group of hydrocarbons and carbonyl compounds were based on those approved by the U.S. Environmental Protection Agency [23] .
We used gas chromatography (GC) to determine hydrocarbon concentrations according to the number of carbon atoms in a molecule. The separation of hydrocarbon fractions was performed on a nonpolar capillary column. The gaseous samples from bags were transferred into the gas chromatograph by means of the gas sampling valves with a gas sample loop. A flame ionization detector was used to quantitatively determine unburned hydrocarbons. A calibration was performed with a gas mixture of n-alkanes in nitrogen. The contents of the particular fractions were calculated as the sum of the peak areas between each n-alkanes based on the n-alkane with flame ionization detector.
We determined the carbonyl compounds collected in the cartridges with DNPH using high-performance liquid chromatography with diode array detection (HPLC-DAD). The compounds were detected at 365 nm. Before HPLC analysis the carbonyl derivatives were extracted from cartridges with acetonitrile. A detailed description about sample preparation and conditions of chromatographic analysis can be found in [24] .
Results and Discussion
Regulated Components
The results of harmful substance concentrations in diluted exhaust gases without after treatment for two biofuels in comparison with commercial diesel fuel are summarised in Fig. 1 . Additionally, CO 2 concentrations are presented. There are no set specific requirements regarding emissions of CO 2 . Vehicle CO 2 emissions are impacted by fuel consumption.
The data showed in Fig. 1a ) point out that the highest CO concentration in exhaust gases was measured for DF+FAME biofuel. For the load of 50%, the increase of this parameter was 16% (in relation to DF). CO concentration changes in exhaust gases for DF+HVO were lower (-3.3% and 2.3% for the loads 45% and 50%, respectively) compared with DF+FAME. There were no significant differences of HC concentrations for the load of 45%, regardless of the supplying fuel type. However, for the load of 50% there was a significant decrease of HC concentration for biofuel with FAME: 9.3%. In the case of biofuel with HVO reduction, this parameter amounted to 4.2%. NOx concentration changes in exhaust gases depending on the fuel type, for applied loads, were in the range -1.4-2.1%. In conducted tests, the lowest NOx concentration was obtained for the DF+HVO biofuel. Likewise, there was a lack of significant difference of CO 2 concentrations for the given load.
Taking into account the results of emissions measurements on chassis dynamometer for exhaust gases without treatment, the differences between regulated emissions for biofuels containing FAME or HVO at given engine load are not significant. This is probably due to inconsiderable differences of tested fuel quality parameters. The slight differences of emissions for diesel and DF+HVO also resulted from the chemical character of HVO, which consists of hydrocarbons like diesel fuel. The higher CO concentration in the case of DF+FAME, characterized by the highest FAME content of the compared fuels, may be related to physicochemical properties of esters, including their higher viscosity (4,306 mm 2 /s at 40ºC for FAME compared to 3,002 mm 2 /s at 40ºC for DF). This parameter has an influence on a proper fuel spray in the combustion chamber and, consequently, on the combustion process. The preferred HC concentration reduction for biofuels at a 50% load may be due to the higher cetane number of biofuels compared to diesel.
The presented data did not confirm the results obtained by other researchers [4, 8, 13] , who noted the positive impact of biocomponents on CO and HC emissions compared to diesel. In the presented studies, NOx concentration increased at higher engine loads, regardless of the type of fuel and biocomponents, which is consistent with the conclusions of the authors of the study [14] . These results confirm the conclusion in the review [12] that the emissions were significantly involved with the engine load. As in [13, 17] , it was found that HVO addition preferably reduces NOx concentration in exhaust gases.
The test results for exhaust gases with after treatment generated from the combustion of different fuels are shown in Fig. 2 .
The values of CO concentrations were below a limit of quantification for all experiments, excluding one test at 45% of full load for biofuel containing HVO (the measured concentration of CO was 0.07 ppm). With a load of 45%, HC concentration in exhaust gases for the DF+HVO biofuel was significantly higher in comparison with the other two fuels. HC concentration of considered biofuel at 50% load remained at the same level. However, at the load of 50%, for DF+FAME biofuel we found a very large change of HC concentration (77.6%) in relation to the reference fuel. The biocomponent addition into diesel fuel had a beneficial influence on NOx concentration; the concentration of these compounds in exhaust gases from the engine fuelled by tested biofuels was lower than in exhaust gases from the engine powered by diesel fuel. CO 2 concentration changes were negligible (from -3.1% to 1.9%) and depended on the engine load. For the lower load, CO 2 concentrations for biofuels were slightly lower than for diesel fuel. For the higher load the trend was inversed.
Similarly, as in the case of untreated exhaust gases, the effect of biocomponents on emissions from the tailpipe with DPF was small at given engine load. The biggest differences in the concentrations were noted for unburned hydrocarbons, but these differences did not have a steady trend. This occurrence may be due to the fact that during the tests the operating parameters of the engine were unchanged, regardless of fuel type.
The results of the treated exhaust gas research in the field of hydrocarbon emissions confirm the conclusions in [6] that the trend of this parameter change depending on the biocomponent content cannot be determined. However, NOx reduction for fuels with biocomponents, as reported in the research, is consistent with the results presented in [7, 15] .
The data indicate that regardless of the supplying fuel at the given engine load, purified exhaust gases are characterised by lower content of CO and HC than gases without purification, while the NOx concentrations in treated fumes are higher than in raw gases. The test results are consistent with the data reported in the literature. Some researchers have concluded that NOx varies according to the engine type and operating conditions, e.g. NOx relatively decreases at low loads and increases at high loads [14] . NOx concentration increase in treated exhaust gases can be connected with accepted tests conditions and with catalytic converter performance (dependent on exhaust gas temperature).
Unregulated Components
Most of the analyses of unregulated emissions are complicated (GC, HPLC, DNPH sampling), meaning that the margins of errors might be quite high. Therefore, presented results should be considered indicative only. The analysis below was performed for undiluted gases at 45% of engine load.
In diesel engines, the exhaust contains hydrocarbons derived from partly burned fuel. During the combustion process, some new types of hydrocarbons or components like aldehydes and ketones cab also be formed [2] . The main goal of hydrocarbons speciation was to determine the concentration of methane (CH 4 ), which as well as CO 2 is a greenhouse gas. Quantitative analysis of the unburned components, shown in Fig. 3 , indicates that hydrocarbons consist mainly of light fractions C1-C4, especially C2 and C3. The concentration of unburned hydrocarbons in treated exhaust gases is lower than in the raw exhaust gases. In case of diesel fuel, in treated exhaust gases, hydrocarbon concentrations decreased below the limit of quantification. CH 4 concentration ranged from 1.1 to 1.8 mg/Nm 3 . Minor changes in methane concentration for the system with/without DPF are the result of the fact that methane is resistant to oxidation.
In the literature, there is a lack of data on the detailed analysis of the profile of unburned hydrocarbons in exhaust gases. Caplain et al. [1] provided the analysis that diesel engine exhaust gases consist mostly of aromatic hydrocarbons (75-93%), straight or branched chain alkanes (6-18%), and carbonyl compounds (0.1-2%). Siegl et al. [25] found that methane was 33% of total hydrocarbon emissions from an engine fuelled with diesel fuel. From non-methane hydrocarbons there were the most light fractions: C2-C12. There is no data in the literature regarding the profiles of unburned hydrocarbons for biofuels. The results presented in Fig. 3 did not allow us to find a specific trend in the distribution of n-alkanes in exhaust gaseous samples depending on a kind of tested fuel.
Any aldehydes and ketones (carbonyl compounds) appearing in exhaust gases are formed from the engine and exhaust system [3] . The incomplete combustion of any hydrocarbons generates carbonyl compounds. Formaldehyde is the most abundant compound of carbonyl for both biofuels and diesel [10] . This work analyses concentrations of these compounds in tailpipe gases. Results are shown in Fig. 4 . In the case of an exhaust system without DPF, aldehydes such as formaldehyde and acetaldehyde were determined quantitatively. Other aldehydes and ketones were not detected. For an exhaust system with DPF, concentrations of carbonyl compounds dropped below the detection limit.
The gaseous phase from the DF+FAME combustion contained more formaldehyde than from the DF combustion. Therefore, the increase of FAME content from 7 to 20% resulted in a slight increase in formaldehyde emission. DF+HVO had a positive effect on formaldehyde concentration compared with commercial fuel, which may be the result of dilution of the FAME contained in DF. The highest level of acetaldehyde was measured in the case of DF+HVO combustion. Acetaldehyde concentrations for DF and DF+FAME were similar.
Taking into account the obtained results of carbonyl compound emissions, it can be stated that they are consistent with the findings of other authors [8] [9] [10] : formaldehyde and acetaldehyde were the most abundant carbonyl compounds in exhaust gases for all tested fuels. The influence of biocomponent content is not so clear, e.g., in the study [13] is stated that HVO addition decreases unregulated emissions. In contrast, the results showed in [8] prove that the FAME application, irrespective of the raw material, has a negative influence on carbonyl compound emissions. This is not entirely confirmed by the results presented in this article. In [3] FAME negative effect on the on the emissions of certain carbonyl compounds was proven.
In consideration of conflicting results on the effect of biobased components on carbonyl compound emissions, further research in this area is needed.
Conclusions
Concentrations of harmful substances in exhaust gases emitted by cars fuelled with various biofuels containing FAME and HVO were analysed in comparison with diesel fuel. The studies covered regulated and unregulated components of exhaust gases. Two exhaust gas systems were tested: with and without after-treatment devices. The car engine was not subjected to any modification.
The experiments were performed on the chassis dynamometer in static working conditions of the engine. The Fiat Panda car equipped with a 1.3 JTD compression ignition engine met the requirements of the Euro 5 stage.
The following conclusions were drawn from this study: -The addition of biocomponents such as FAME and HVO to diesel fuel slightly changed CO and NOx concentrations in exhaust gases with/without aftertreatment devices. -In the case of raw exhaust gases, the CO concentration was slightly elevated for biofuel with FAME; the values of CO concentrations of treated gases were very low for all tested fuels. -The addition of biocomponents into diesel fuel advantageously reduced NOx concentrations of treated gases. -In exhaust gases we observed no trends of changes in HC concentration depending on the kind of tested fuels in the presence of DPF. -The concentrations of unburned hydrocarbon fraction C2-C3 in treated exhaust gases were lower than in raw exhaust gases due to oxidation resistance and lacking changes in methane concentrations. -Carbonyl compounds such as formaldehyde and acetaldehyde were determined only in raw exhaust gases, the highest concentrations of formaldehyde in exhaust was stated in the case of biofuel with esters, and the highest concentrations of acetaldehyde were for biofuel containing HVO. -Regardless of the supplying fuel at a given engine load, treated exhaust gases were characterised by lower content of CO and HC and higher NOx concentration than gases without purification. -Regardless of the supplying fuel at the given engine load, we saw a lack of significant differences in CO 2 concentrations. Fig. 4 . The concentrations of carbonyl compounds in exhaust gases without after treatment generated from engine at 45% of full load and engine speed of 1,350 rpm.
